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RESEARCH MEMORANDUM

INVESTIGATION OF A HIGH-PRESSURE-RATTIO EIGHT-STAGE AXTAT-FLOW RESEARCH
COMFRESSOR WITH TWO TRANSONIC INLET STAGES
IV -~ MODIFICATION OF AEROCDYNAMIC DESIGN AND PREDICTION OF FERFORMANCE

By Richard P. Geye and Charles H. Voit

SUMMARY

An eight-stage high-pressure-ratio axial-flow campressor, designed
for use as & research compressor, was modifled to improve deslgn-speed
performance and to provide an instrument for continued study of the
problems assoclated with design and off-design performance of transonic
stages combined with highly loaded subsonic stages. This compressor
consisted of two transonic inlet steges and six subsonic stages modified
to produce a maximum design-speed over-all total-pressure ratlo of 10.90
at an equivalent weight flow of 30.0 pounds per square foot of rotor
frontal area. The campressor tip diameter was increased from 20 to
20.86 inches at the compressor inlet and decreased linearly to the origi-
ngl 20-inch diasmeter at the inlet to the seventh stage. The increase in
the inlet tip dismeter resulted in a first-stage design tip speed of
1218 feet per second, a meximum relative tip Mach number of 1.25, and
an inlet hub-tip ratio of 0.46.

This report also discusses the method used for predicting the per-
formence of the modifled compressor and compares the results of this pre-
diction with the over-all performance of the originsl compressor.

INTRODUCTION

The use of transonic inlet stages in an axiasl-flow compressor pre-
sents a means by which weight flow per unit frontal area, or average
stage pressure ratio, or both, can be increased. In order to study the
problems assoclated with staging transonic inlet stages with highly
locaded subsonic stages, the eight-stage compressor of reference 1 was
built and operated as a research unit.

The results of the investigation of this compressor (ref. 2) show
that, at design speed, a maximum over-gll pressure ratio of approximstely
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9.90, & maximum average stage pressure ratioc of approximately 1.33, and
an adlsbatlic tempersture-rise efficiency of 0.82 were attalned at an
equivalent weight flow of 29.6 pounds per square foot of frontal area.
It is apparent that the design-speed weight flow aund the stage loadings
of this compressor are higher than those employed 1n most current cam-
mercial designs; however, the design-speed over-asll pressure ratio and
efficliency did not attsin the values anticipated by the design calcula-
tions (ref. 1).

The blade angles of several of the stator rows were reset in an at-
tempt to improve the design-speed performance, and the investigation of
the compressor was continued., During this phase of the investigation,

e fatigue failure in one or more of the blade rows resulted in complete
destruction of all compressor blading. In order to provide & research
unit for continued study of the effects 6f high blade loading and high
over-all pregsure ratlo along with the performance of transonic stages,
the coampressor blading wes refgbricated. Furthermore, in an attempt to
remedy as far as practicable the mechanigal and aerodynemic deficliencies
of the compressor as ordiginally designed, simple modifications intended
to improve the fatigue strength of the blades and to Increase the design-
speed over-all pressure ratio and efficiency were incorporeted in the
compressor reblading design.

The present report discusses the modificatlions made in rebuilding
the compressor and outlines the proceduré used for predicting the per-
formance of the modified campressor. The predicted performence charac-
teristics ere presented and compared with the performance charscteris-
tics of the campressor of reference 1.

DESIGN MODIFICATIONS

Three deficlencies became apperent during the over-all and inter-
stage performasnce investigations of the compressor of reference 1: .
(1) The design over-all pressure ratio and efficlency were not attained;
%2) the performance of the second stage was poorer than enticipated; and

3) the fatigue strength of the blades wsis less than required to with-
gtand the stresses emcountered during certain phases of campressor oper-
ation. Design modifications were incorporated in the rebullding of the
compressor to overcome these deflciencies'.

Rematching of Steges
From the information aveilable on ovér-all campressor performance
and individual stage performance in referénces 2 and 3, it is apparent

thet the original compressor design 1ncorporated too large gn allow-
ance for boundary-layer growth through the compressor (ref 1). As =

SR
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result, at design speed the axial velocities through the compressor de-
creased at a rate greater than anticipasted, and the rear stages stalled
while the front stages were still operating at low angles of inecidence.
Because of this, the front stages operated below their design pressure
ratios and efficiencies at design speed, and the compressor did not at-
tain its design over-all pressure ratio and efficiency. (Flow coeffi-
cients at the design-speed maximum pressure ratio for the compressor of
ref. 1 are presented in fig. 1 to indicate the performance of the stages
et this point.)

Hence, to increase the over-all compressor pressure ratio and ef-
ficiency at design speed, an adjustment in stage matching is necessary.
In order to avoid an elsborgte change in the aserodynamic confilguration
of the compressor blading so that existing blade masters can be used,
stage mstching will be adjusted by changing the annulus-ares (axial—
velocity) variation through the campressor. Because of the ‘physical
limitations imposed by the internal and external dimensions of the ex-
isting compressor casing, it is not possible to completely rematch the
stages so that they will all operate at their design pressure ratios
simultaneously.

Change in casing contour. - To gttain the improvement in matching
that is possible within the limits of the casing dimensions, the in-
ternal casing dismeter at the entrance of the seventh stage (station 7,
fig. 2) was held at 20.00 inches, and the diameter at the entrance of
the first stage (station 1, fig. 2) was increased to 20.86 inches. From
the entrance of the first stage to the entrance of the seventh stage,
the internsl casing dlameter was decreased linearly from 20.86 to 20.00
inches.) (The region of this change in casing contour is indicated in
fig. 2.

Change in hub curvature. - It was felt that the poor performance of
the second stage (ref. 3} might have been caused by a mismatching of the
various blade elements dne to g maldistribution of the axial velocity
caused by the large change in hub curvature preceding this stage. The
importance of such curvature effects is indicated in reference 4. In
order to reduce the magnitude of the effect which hub-curvature might
have on the second-stage performance, the rate of change of hub curva~
ture through the first and second stages was reduced to the minimum that
was compatible with strength requirements in the second-stage rotor disk.
(The locetion of this change in hub curvature is indicated in fig. 2.)

With the new annulus areas obtained with the modified casing and
hub contours, the stage flow coefficients were determined for a design-
speed over-asll pressure ratio of 10.26 (the design pressure ratio of the
original compressor, ref. 1) by using the stage-stacking method presented
in appendix B. (Symbols are defined in appendix A.) Ccamparison of these
flow coefficlients with those obtained at the meximm design-speed pres-
sure retio of the original ccmpressor (fig. 1) reveals that, with the’
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new annulus-areeg varilation, the front steges operate at lower flow co-
efficients (higher angles of incidence) and the rear stages operate at
higher flow coefficients (lower angles of incidence). As & result of
this improved stage matching, the over-all compressor performance char-
acteristics should be improved at design speed.

Blade Modifications

The aerodynemlc configuration of the compressor blading is the same
as that used in the compressor of reference 1, except that (1) blade
twist, thickness, and camber varistions were extrapolated to facilitate
lengthening the blades as required by the increase in the flow passage
area from the first through the sixth stages, and (2) blade base fillets
were enlarged to reduce the possibility of blade fallure during the in-
vestigation of certain modes of compresspr operation in which high vi-
brational stresses are encoutitered. A 0.06-inch-radius fillet was used
in each blade row of the original compressor design. These fillets were
enlarged to 0.l2-inch-radii in the bladei rows of the last five stages
and to 0.18-inch-radil faired hyperbolically into the blade contowr 0.5
inch up from the blade base In the blade rows of the first three stages.

PREDICTION OF MODIFIED-COMPRESSOR PERFORMANCE
Calculstion of Over-All Performance

The stage performance characteristics (ref. 3) of the compressor
of reference 1 are presented in figure 1, with stage equivalent total-
pressure ratlio and stage equivalent temperature-rise ratio plotted as
functions of flow coefficlent. These stage charscteristics, together
with the values of ares ratio, radius ratioc, deslgn temperature ratio
{ref. 1), and absolute air angle (ref. 1) presented in table I, were
used in calculating the over-all performénce by the method presented in
appendix B. )

In thus calculating the over-all performance, the followlng assump-
tions are implied: (1) The absolute air angles leaving the stators re-
main constent over the entire range of compressor operstion; (2) the ef-
fects of compressibllity and Reynolds number on stage efflciency and flow
range can be neglected except in the eighth stage, where the flow range
of the stage data (ref. 3) is great enough to indicate these effects;

(3) an increase in flow passage area at the entrance to a stage will not
result in a basic change in the averasge stage performance characteris-
ties but will serve chly to decresse the.stage flow coefficient for a
given equivalent weight flow and wheel speed; (4) the extension of blade
lengths as required by the increases in flow passage area wlll not affect

8
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the average stage performsnce at a given flow coefficient; (S) boundary
layer thickness through the compressor will not be altered by flow pas-
sage modifications; and (6) the increase in fillet size will not result
i1n an apprecieble change in average stage performance, although the over-
all compressor efficiency will probably be decréased by the use of large-
base fillets (ref. 5).

Using the method presented in appendix B, a number of over-zll com-
pressor performance points were caleulated at 30, 50, 60, 70, 80, 90, and
100 percent of egquivalent design speed and the compressor performance
characteristics at these various speeds were determined.

Approximstion of Compressor Surge-Iimit Line

When the calculsted stage flow coefflcients of the modified compres-
sor were approximstely equal to the corresponding stage flow coefficients
obtained at a surge point for the compressor of reference 1, the modi-
Pied compressor was assumed to surge.

In order to i1llustrate the manner in which a point on the modified
compressor surge~-limit line was determined under this assumption, an ex-
emple is presented in figure 3. In this example, a point was chosen on
the surge-limlt line of the compressor of reference 1 at which the flow
coefficient for each stage was known (the surge point at 80 percent of
design speed). The value of the first-stage flow coefficlent was ob-
tained from figure 4(a) of reference 3, and the path along which this
flow coefficient can be maintained was superimposed on the modified com-
pressor performance mgp in figure 3. A similar procedure was followed
for each of the other seven stages.

Thus, each line superimposed on the performence map in figure 3
represents & path of constant flow coefficient for one of the stages in
the modified compressor. It is apparent that these paths converge and
cross at a common point. (These paths probably would not converge to such
a well defined point if the area modification through the compressor were
large or irregular.) At the point of intersection, all eight stages of the
modified compressor have csglculated flow coefficlients gpproximately equal
to the corresponding stage flow coefficients found at a surge point of
the compressor of reference 1; therefore, this point was assumed to lie
on the surge-limit line of the modified campressor. As would be expected
1n view of the area modificetions made 1n the compressor, the point of
convergence occurred gt & higher equivalent speed in the modified com-
pressor than in the campressor of reference 1. Comsequently, there was
a Mach number effect which would tend to displace the predicted surge-
1imit point from that which will actuslly be attalned; however, since
the equivalent-speed change was not large, the magnitude of this effect
will probably be small, and the surge point as predicted is assumed to
be a reasonable approximation.
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Using the values of stage flow coefficients obtained at surge points
at 30, 50, 60, 70, 90, and 100 percent of eguivalent design speed for the
compressor of reference 1, a similar procedure was followed and the cor-
responding modifled-compressor surge points were determined. A line
faired through these points was taken to represent the modified-compressor
surge limit (fig. 4).

RESULTS
Design Point Characteristics
The various caupressor characteristics determined for the compressor

design point in the design modificatiom procedure are as follows (values
given are for standard ses-level inlet conditions):

Over-sll total-pressure ratio . . . e e a « « 10.26
Weilght flow per unit rotor frontal area, (1b/sec /sq ft e e s « « 30.5
Wheel spe€d, TEM « ¢ o o s « o o o« & s « '« e e & & e s o . 13,380

Over-gll adigbatic efficlency .« « ¢« s+ o « o ¢« o« s« « o« a ¢ s =« » « 0.86

Predicted Changes in Compressor Performance

The calculated over-all performance characteristics of the modified
compressor end the gctusl over-all peéerformance characteristics of the
compressor of reference 1 are comparéd in figures 4 and 5, where total-
pressure ratio end adlabatic temperature-rise efficlency, respectively,
are plotted against equivalent weight flow per unit frontal area over a
range of equivalent speeds from 30 t6 100 percent of design.

The changes in compressor performance which should result from the
design modifications incorporated are apparent. Design-speed perform-
ance should be improved. The maximum pressure ratic at design speed
should be increased from $9.90 to 10.80, the meximum welght flow per unlt
frontal area from 23.6 to 30.7 poundg per second, and the peak efficlency
from 82 to 87 percent. However, with these improvements in design-speed
performance, part-speed performance should be adversely affected. The
equivalent speed at which the knee in the surge line is encounted in the
modified compressor should he 1ncreased from 63 to gpproximately 72 per-
cent of design speed, and the agrea of rotating stall should be increased
by a similar speed increment.  In addition, the compressor modifications
should result in a decrease in the weéight flow per unit frontal area and
the peak efficiencies attainable beléw 90 percent of equivaelent design
speed (fig. 5).

Lewis Flight Propulsion Isboratory
National Advisory Committee for. .Aeronsutics
Cieveland, Ohio, March 23, 1855 -
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APPENDIX A

SYMBOLS

The following symbols are used in this report:

A
°p
g
J
P
R

H

zE < 4d H

wA/6/5

annulus area, sq ft

specific heat at constant pressure, Btu/(1b)(°F)
acceleration due to gravity, 32.174 ft/éecz
mechanical equivalent of heat, 778 ft-lb/Btu
total pressure, lb/éq £t

gas constant, £t-1b/(1b)(°F)

radius, Tt

total tempersture, °R

wheel speed, ft/sec

velocity, ft/éec

welght-flow rate, 1b/sec

equivalent weight flow, 1b/sec

flow angle measured from the axial direction, deg
ratio of specific heats

ratio of total pressure to NACA standard sea-level pressure of
2116 1b/sq £t '

adlabatic temperature-rise efficiency

ratio of total temperature to NACA standard sea-level tempers-
ture of 518.7° R

density, 1b-sec?/rtt

flow coefficient, (Vé/U)m



Subscripts:

AN NACA RM E55B28

axial
design conditions

equivalent, indicates that parameter to which it is
affixed has been corrected for speed

mean radius T ' ' N
station _—g
static

standard sea-level ¢onditions

total

compresgor-inlet station

stations at exit of first, second, . . ., eighth stages
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APPENDIX B

CALCULATTIONS OF PERFORMANCE OF MODIFIED EIGHT-STAGE
AXTAT-FIOW COMPRESSOR

In order to obtain an indication of the effect of the design changes
on design and off-design compressor performance, a one-dimensional tech-
nique of stage stacking (ref. 6) was used to predict the over-all per-
formence characteristics of the modified elght-stage campressor from the
stage performance curves of the original compressor (ref. 3).

For simplicity of calculation, the individual stage data for all
speeds are correlated on the basis of eguivalent total-pressure ratio
+l/ )e and equivalent temperature-rise ratio QAT/T )e as plotted
The flow coefficlient is defined as follows:

¢ = (E*E)m (B1)

against flow coefficient .

The equivalent performence parsmeters (developed in ref. 7) are defined

as follows:

2 X
y-1 < U) -1
(fﬂ) = (Pﬂ_4'1>r Y S/ Gy (B2)
PII. e PIJ.

&), - (AT) <<T‘§ (83)

The flow coefficient into the first stage is determined from the
conventiongl weight-flow parameter Wq/Gl/Sl, the rotatlve speed

uﬁ,l/“/ 1, and the effective stage-inlet area.
From continuity,

N
a,l gps,lAl
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or ' f
Ye,1 = VO %" . (B4)
v 1 ST.-LT.-.LPOg"‘)S 1
By combining equaetion {B4) with the perfect gas law
Py
IfI = SRPt’]_ (B5)
with the expression : .. e . —
- l
p
S.l_ 1. (B6)
Pt,1 ZEJcpTl
and with the vector-diasgram relation
= —aal
Vi = oo AT (B7)
the followlng eguation is obtained:
_ 1
2 : r-1
VO Vo1 Va,1 L1
S5 A = 'Vh - : 2 £Pp (B‘B)
141 81 NCA 2gJc Ty cos™ By

With an estimated value of W4/6;/8,A; and the value of B, given in
table I, equation (B8) can be solved and a value of Vg l/)v | obtained.
The flow coefficient is then determined from the eqpation

Va,l

Ve | (39)

After the flow coefficlent has been determined, the values of eguivalent
total-pressure rgtlo and eguivalent temperature—rise ratio are obtained
from the generalized stage-performance curves (fig. 1). The stage pres-
sure ratio is obtained fran the equlvalent total—pressure ratio as
follows:

3582
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@
(P) =,

and the stage temperature ratio, from the equivalent temperature-rise
ratio:

3V}

< U \?
T ATl—Z) ;;TJ.) :
VI1/a

The weight-flow parameter for the second stage W:‘/ GZ/SZAE is de-

termined from the parsmeter for stage 1, the values of Py/P; and
T,/T, determined from equetions (B10) and (Bll), and the value of

A;L/Az presented in table I, by using the expression

T I by T

5z  5)A) Ay Pp/P;

(B12)

The rotstive speed Um 2 / /\/ is d.etemined fram the rotative speed
of the first stage, from TZ/T]_ s which was obtained from eguation (B1l),
and from" rp/r;, which is presented in teble I, by the following equation:

U,z Ug,1 (ra/r1)

'\/— '\f— 4_/T27§l

With the value of W/65/85A, determined from equation (Bl2) and
Bo glven in table I, & value of Va,zf A/05 can be determined by using

equation (B8). Then the flow coefficient at the emtrance to the second
stage, ®,, can be found:

(B13)
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After the flow coefficient has been determined, the values of equiva-
lent total-pressure ratio and temperature-rise ratio for the second stage
can be obtained fram figure 1, and the adtual pressure ratio and tempera-
ture for this stage can be camputed in agmanner similer to that outlined
for the first stage. This process is repeated for each stage throughout
the compressor. Over-all pressure ratio; ‘and. temperature ratio are taken
as the products of the atage values, and'the over-all adiabatic efficiency
is computed from over-all temperstures shd pressures. For all performance
calculations, inlet weight flows must be properly chosen so that all
stages remain within the limits of thedir individual flow ranges.
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TABLE I. - DESIGN DATA
Station | Annulus-~ Mean Design Absolute
ares ratio, | radius |total- alr angle
An-l/hn raetio, temperature | at mean
rn/rn—l ratio, radius,
Tn/iI'n-l Pns
deg
1 0
2 1.222 1.088 1.108 16.82
3 1.189 1.043 1.108 28.65
4 1.188 1.034 1.083 28.61
5 1.208 1.028 1.091 29.52
6 1.242 1.024 1.096 28.72
7 1.246 1.018 1.088 26.86
8 1.207 1.013 1.095 27.24
9 1.091

13
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Stage equivalent temperature-rise ratio, (AT; o/Ty),

Stage equlvalent total-pressure ratlo,
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